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bars. In plotting the ~-~rd'curves for these particular bars, 
it was possible in two cases only to distinguish the curves 
from those for the square bars, and in these two cases the 
difference was extremely small. 

For equal values of the ratio of l to v/A, it was found in 
general that the self-demagnetizing factor, for bars having a 
sectional ratio of 2 to 1, was about 93 per cent. of that for 
bars of square section ; while for flat bars, having a sectional 
ratio of 10 to 1, the value of the self-demagnetizing factor 
went down to about 75 per cent. of that for bars of square 
section. 

LXIX.  T],e AbsorptlonofR6ntgen Rays. By C. G. BARKLA, 
3I.A., D.Se., Lecturer in Advanced ElectricitTj, and 
C. A. SADLER, M:Sc., Oliver Lodge _Fellow, University of 
Liverpool *. 

~ ]:[E results of experiments that have been made by 
a number of investigators on the absorption of X-rays 

are so complicated by a variety of conditions, and frequently 
appear so inconsistent, that few general conclusions can be 
drawn from them. 

The heterogeneity of the beams used not only masks any 
peculiarity in the phenomena connected with a particular 
constituent, but makes exact comparison between the results 
of different experimenters~ and even of the same experimenter, 
impossible. 

In addition to this, as recent investigations have shown t,  
there are peculiarities in the absorption phenomena which are 
intimately connected with certain phenomena of secondary 
radiation ; and a knowledge of these is necessary in order to 
classify and explain the former. 

Through our investigations on the secondary X-rays 
emitted by substances subject to X-rays, we have been 
enabled to use almost perfectly homogeneous beams, and 
have become acquainted with the character of the secondary 
radiation emitted by many elements. 

It  has been found that each of the elements Cr, Fe, Co, Ni, 
Cu, Zn, As, Se, Ag, when subject to a suitable primary beam 
of X-rays, emits an almost perfectly homogeneous beam of 

* Communicated by the Authors. 
The expenses of this research have been partially covered by a 

Government Grant through the Royal Society.--C. G. B. 
t "Homogeneous Secondary RSntgen Radiations," Barkla & Sadler, 

Phil. Mat. Oct. 1908~ pp. 550-584. 
3 D 2  



740 Dr.  C. G. Barkla  and Mr. C. A. Sadler on 

X-rays  ~, the penetrat ing power of which is characterist ic 
of  the element emit t ing it. As these penetra t ing powers 
vary  considerably-- the  radiation from Cr being very  soft 
and that  f rom Ag  fair ly  pene t ra t ing- - the  above metals 
furnish us with a series of nine homogeneous beams which 
can conveniently be used for accurate investigations of many  
X-ray  phenomena. The variation in penetrat ing power is 
shown by the following values for the coefficient of absorption 
in aluminium of each radiation, the coefficient ~ being 
defined by the equation I~ - I0  e-~x. 

Coefficient of Absorption 
in A1. 

Radiator. (p .-= density of A1.) 
Cr . . . .  136 p 
Fe  . . . .  88"5p 
Co . . . .  71"6p 
:Ni . . . .  59"1p 
Cu . . . .  47"7p 
Zn . . . .  39"4 p 
As . . . .  22"5 p 
Se . . . .  18"9p 
Ag  . . . .  2"5 p 

.Phenomena of Transmission. 

Before a t tempt ing  to make accurate experiments on the 
absorpt ion of these radiations by various elements, it is 
necessary to know something of the phenomena accom- 
pany ing  the transmission of X-rays  through absorbing 
substances. 

The secondary X - r a y  phenomena, which have an important  
bear ing on experiments  on absorption, may  be stated briefly 
as follows : -  

When  a beam of X-rays  is transmitted through any 
substance, secondary X-rays  of the same penetrat ing power 
are emitted by  that  substance in all directions. The 

Mixed with the homogeneous radiation is an exceedingly weak 
scattered radiation of the same penetrating power as the primary 
radiation; but the ionization produced by this is usually .negligible 
in comparison with that of the homogeneous radiation--m certain 
cases not more than I per cent. The radiation from Ag was 
transmitted through A1 in order to get rid of most of the scattered 
radiation. 

The evidence that these rays are X-rays is overwhelming. Some 
of it has been given in the paper on "Homogeneous Secondary 
RSntgen Radiations." 
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distribution of this radiation has, in all the cases investi- 
gated, been found to be approximately that expected from a 
theory of scattering on the ~ether-pulse theory. 

In addition to this, many elements--possibly all when 
su~ect to a suitable primary radiation--emit a homogeneous 
X-radiation which is characteristic of the element emitting 
it, its penetrating power being independent of that of the 
primary radiation exciting it. 

A primary radiation excites this homogeneous radiation 
only when i t-- the primary--is of more penetrating type 
than the homogeneous radiation. 

Regarding the distribution of this type of radiation, it has 
been shown by one of us * that when a polarized beam 
of RSntgen radiation is incident on ~e, Cn, Sn, Pb, &c., the 
homogeneous secondary radiation which is emitted is equally 
intense in directions in and perpendicular to the plane of that 
polarization--that is, the intensity of secondary radiation in 
any direction is independent of the position of the plane of 
polarization of the exciting primary beam. 

Again, the homogeneous radiation from these metals has 
been found equally intense in a direction perpendicular to 
the direction of propagation of the primary, and one almost 
opposite to that of primary propagation t- 

It  is thus evident, and it has since been further verified, 
that the homogeneous radiation is equally intense in all 
directions. 

Now the energy of this secondary radiation is so great that 
in many experiments it would produce enormous errors if not 
taken into consideration. In measuring the intensity of a 
beam of X-rays transmitted through an absorbing substance 
and proceeding in the original direction of propagation, it is 
therefore necessary either to so arrange the apparatus that 
the ei~ect of the secondary rays may be neglected or to make 
a correction for it. 

I t  was also important to ascertain if the beam emerging 
from the absorbing plate and proceeding in the original 
direction of propagation was identical in properties with the 
incident beam, or if it was transformed in any maaner. 

A few simple experiments showed that all the phenomena 
observed when a homogeneous beam of X-rays was trans- 
mitted through a metal plate placed before the detecting 
electroscope could be explained qualitatively simply by 
considering the superposition of the secondary radiation 

�9 Barkla, "Polarized RSntgen Radiation," Phil. Trans. A. vol. cciv. 
1905~ p~. 467-478, and later papers. 

~- Pi~il. Mag. Feb. 1908, pp. 288-396. 
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on the  p r i m a r y  r ad ia t ion ,  d imin i shed  in in t ens i ty  b y  
t ransmiss ion .  

A l l  the  p h e n o m e n a  observed  m a y  be d iv ided  into  two 
g r o u p s  : - -  

(1) W h e n  a rad ia t ion  was t r a n s m i t t e d  t h r o u g h  an e l emen t  
whose cha rac te r i s t i c  s e c o n d a r y  rad ia t ion  was of an equa l ly  or 
more  p e n e t r a t i n g  type, or through an e l emen t  f rom which  
this  t ype  of r ad i a t i on  has no t  been observed,  the  e m e r g e n t  
rad ia t ion  was iden t i ca l  wi~h the  i nc iden t  r ad ia t ion .  

(2) W h e n  a r ad ia t ion  was t r a n s m i t t e d  t h r o u g h  an e l emen t  
whose cha rac te r i s t i c  r ad i a t i on  was of more  absorbable  type ,  
the  e m e r g e n t  r ad i a t i on  d i f fered  f rom the  i nc iden t  beam in 
p e n e t r a t i n g  power .  

The fo l lowing  are  a few examples  of  these  t ypes  of 
t ransmiss ion .  The first  t h r ee  exh ib i t  no change  af te r  
t ransmiss ion ,  the  las t  th ree  a cons iderab le  change .  

Substance ]Percentage Substance used 
:Radiation. through which Absorption to test :Percentage 

the radiation by absorbability. Absorption. 
was transmitted, transmission. 

Cu ......... - -  0 Cu ('00067 cm.) 25"4 
Cu 74 ,, 25"3 

Cu . . . . . . . . .  0 Zn ('00262 era.) 69"7 
Zn 97 ,, 68"2 

Ag . . . . . . . .  AI 16 A1 ('0208 cm.) 13"8 
,, 72 ,, 14 
,, 92 ,, 13"8 
,, 97 ,, 14'2 

Ag ......... 

A g  ......... 

Cu ......... 

- -  0 Fe ('00315 cm.) 30"8 
Fe 51 ,, 37 
,, 79"7 ,, 36"1 

- -  0 A1 ('0208 cm.) 14'5 
Fe 51 ,, 21'7 

- -  0 A1 ('0104 em.) 72 
Fe 97"2 ,, 85"6 

F r o m  these  and m a n y  o the r  ins tances  i t  became  ev iden t  
t ha t  only  in those cases of t r ansmiss ion  in  which the p r i m a r y  
r ad ia t ion  was able  to s t imu la t e  a homogeneous  seconda ry  
rad ia t ion  was the re  a n y  a p p r e c i a b l e  difference be tween  the 
p e n e t r a t i n g  powers  of the  i n c i d e n t  and  e m e r g e n t  beams.  
I t  r ema ined ,  however ,  to show tha t  this  change  was s imply  
due to the  superpos i t ion  of  the  homogeneous  secondary  
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radiation on the primary, and that the primary was itself 
unaltered. 

As an example, Ag radiation~ after the scattered rays had 
been sit'ted out, was absorbed to the extent of 14"5 per cent. 
by. a sheet of A] "0208 cm. in thickness; but after trans- 
mission through Fe--51 per cent. being absorbed--the 
transmitted radiation was absorbed by 21"7 per cent. by 
the same sheet of Al. I t  thus appeared much softer. I t  
was seen, however, that this emergent radiation still con- 
sisted of an nntransformed Ag radiation with a more easily 
absorbed radiation superposed. For when the transmitted 
radiation was again passed through a sheet of A1 "0205 cm. 
thick, the easily absorbed Fe radiation was absorbed com- 
pletely and the transmitted radiation was again practically 
pure Ag radiation, being absorbable to the extent of 14"4 per 
cent. by the same sheet of almninium. 

In order to ascertain it" the constitution of the emergent 
beam in such a ease could be quantitatively accounted for, 
the following ~imple experiment was made :--  

A thin sheet of Fe was placed in the path of the homo- 
geneous radiation from Cu, so that the angle of incidence 
or' the central ray was about 20 ~ (fig. 1). 

Fig. 1. 

~J 

An electroscope capable of being rotated about a vertical 
axis through the centre of the Fe sheet B (set in a lead screen) 
wa s placed successively in the two positions D1 and D~. In 
position D1 it received the direct beam after passing through 
the thin Fe sheet, and a portion of the secondary radiation 
emerging from the iron sheet, the central ray being inclined 
at an angle of about 20 ~ to the normal; in position D2 it 
received only the secondary radiation which emerged from 
the sheet at the same angle on the other side of the normal. 

The two secondary beams then suffered approximately the 
same absorption on emerging from the iron plate. 

The rat~o of the ionlzatio~Js in the electroscope in positions 
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D1 and D~ was 177 : 100, after correction for the radiation 
from air and the i normal ionization. Thus, according to 
the simple theory of the superposition of the homogeneous 
secondary radiation on the untransformed transmitted 
radiation, 77 of the ionization in position O2 was produced i~7 100 by the transmitted copper radia!ion, while 177 was the 

result of the radiation from the iron plate. But the 
absorption of the radiation entering the electroscope in 

position D1 was found to be such as would be obtained 
96 if the mixture had contained ~7 of iron radiation. Thus 

the ratio of intensities of the iron radiation in the two 
directions BD1 and BD2 was 96 : 100. 

This is as near equality as could be expected from the 
nature of the experiment. We conclude, therefore, that 
the observed phenomena are due simply to the homogeneous 
radiation uniformly distributed, superposed on the trans- 
mitted radiation, and that the radiation proceeding in the 
original direction is nntransformed. 

Now, as in experiments on the absorption of such radia- 
tions, beams of considerable cross-section must be used to 
produce measurable effects, an electroscope placed behind 
the absorbing plate, unless very distant from that plate, 
must receive a portion of the secondary radiation from that 
plate. Thus without correction the transmitted beam would 
appear more inlense than it actually is. The correction 
might have been determined experimentally in the manner 
shown above. A simple calculation, however, gives us the 
constitution of the beam received by the electroscope; and 
consequently the correction that must be applied to determine 
the true diminution in energy of the primary beam in terms 
of quantities which may be easily determined. 

:Let I0 be the intensity of a parallel beam of homogeneous 
radiation incident normally on a plate of absorbing material 
of thickness t, 
then I=I0e-Xr gives the intensity I at a depth of x, 

where X~ is the coefficient of absorption in the subsfance. 
An electroscope placed in the path of the transmitted beam 

beyond the absorbing plate (fig. 2) receives the beam, together 
with a portion of the radiation scattered by the plate, and of 
the secondary homogeneous radiation characteristic of the 
material of the plate. 

It  may easily be shown that the former--the scattered 
radiation--may be neglected in most, and possibly in all, of 
the cases considered. 
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I f  A is the area of the primary beam, the energy of the 
secondary radiation emitted by a thin layer of thickness dx 
an unit time = kIAdx, 

where k is a constant depending on the character o[ tilt, 
incident radiation and on the material of the plate. I t  
will be called the transformation coefficient ~. 

But of this the fraction ~ e - X 2  (~-x) enters the electroscope, 

where eo is the average solid angle subtended by the 
aperture into the measuring electroscope at points in 
this layer, and X. is the coefficient of absorption of the 
secondary radiation in the substance of the plate itself, 
when the effect of obliquity o[ the secondary rays and the 
absorption in air and the thin window may be neglected. 

Fig. 2. 

The total energy of secondary radiation entering the electro- 
scope per second 

e t f O  

)o 4~r/clAe-X~ if-x) dx 

0) t 
= ~ k A I  ~ e-X2t f eiG-x~)x dx 

_'~162 AI_o (e_X~t_ _x~O 
47r X2--Xi 

.'. Energy of Secondary Radiation entering electroscope 
Energy of :Primary Radiation entering electroscope 

cok AI  o .(e__Xl t e_X~t) 

AIo e -xlt  

* This coefficient is so called by analogy with the absorption coethcienb 
dE_ kI d~u _ -- , where --dE is the energy emitted by a thin layer of unit area 
and thickness dx in unit time. 
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But the ionizations produced by these beams are not pro- 
portional to their energies, as they have different penetrating 
powers. If i~ and is represent the relative numbers of ions 
produced by the two beams, if of equal intensity and cross- 
section, in a thin layer of air, 

then Secondary Ionization tok 12 1 1 
Primary Ionization = 4~r(X~--~,l) ~1 1-e-(X2-xl)t.j 

All possible cases can be divided into three classes : - -  
(1) When a homogeneous primary radiation passes through 

a plate of an element whose characteristic radiation is of 
equal or greater penetrating power, no appreciable secondary 
radiatiou of this type is emitted, i. e. k=0 .  The secondary 
radiation characteristic of the absorbing element is not then 
present in the transmitted radiation, and this exhibits no 
special powers of penetration. 

This type of transmission occurs when the radiation from 
Cr passes through C, Mg, A1, Fe, ~i, Cu, &c., or when Cu 
radiation passes through Cu, Zn, Ag, &c. 

(2) When a homogeneous primary radiation passes through 
a plate of an element whose characteristic radiation is of more 
absorbable type and more absorbable in the plate itse!f than 
is the primary radiation, then the secondary radiation is 
excited, k is finite and X~--Xl is positive. 

In this case, as the thickness of the absorbing plate is 
increased, the beam received by the electroscope gradually 
approaches a final constitution in which the ratio of the 
energies of secondary and primary radiations is 

to k 

4-'7~ '(•2 --Xl)" 

Such conditions are obtained when a radiation much more 
penetrating than the radiation characteristic of an element 
passes through that element~ as when radiation such as is 
emitted by Ag is transmitted through Fe, bTi, Cu, Zn, &c. 

(3) When a homogeneous radiation passes through an 
element whose characteristic radiation is of more absorbable 
type, but more penetrating to the element emitting it, k is 
again finite and (X~-XI) is negative. 

In this case, as the thickness of the absorbing plate is 
increased, the ratio of' the energy of secondary radiation to 
that of the primary radiation increases indefinitely; tbat is, 
the primary radiation becomes ultimately transformed into 
radiation characteristic of the absorbing substance. 



the Absorftlon of R6ntgen Rays. 747 

Such a transformation occurs when a radiation like that 
characteristic of Se passes through Zn, Cu, :Ni, Fe, &c., or 
the radiation characteristic of Cu is transmitted through Fe. 

Absorption .Experiments. 
In the experiments which were made to determine the true 

absorption of homogeneous beams, the radiator R, used to 
produce the beam, was placed at a distance of about 7 centi- 
metres from a rectangular aperture A l (3 cm. • 2 cm.) in a 
lead screen. A second lead screen with a similar rectangular 
aperture A2 was placed at a distance of 7 centimetres from 
the other, and behind the second aperture was placed the thin 
paper and aluminium face of the electroscope used to measure 
the intensity of the beams. 

The absorbing plates were placed across the aperture Am. 
As the radiation from 1~ necessarily produced a diverging 

beam, only a portion of the energy passing through A1 passed 
through the aperture A,, consequently the secondary radiation 
from the plate produced greater proportional effects than that 
calculated for a parallel beam. The ratio of the ionizations 
due to the secondary and primary beams had to be multiplied 
by a factor which expresses the ratio of the energy passing 
through aperture A1 to that passing through aperture A2 
when no absorbing plate intervened. This was found to be 
about 4"9. 
Thus 

Secondary Ionization . . to k i ~  I ] 
- - - -  =4"~X X - -  -~ 1--e -'x2-k~t 
i 'rimary Ionization ~ X2--X1 il 

l_e-X2-X~t 
---- 4"9 X "01 x k ~ approximately. 

*l X~--X1 
k is is Now, k i~i'~ may be got by direct experiment, for ~ '1' 

merely the fraction of the energy of primary radiation 
absorl~ed which is transformed into or which appears as 
secondary radiation--as measured by the ionizations produced 
in a thin film of air. 

(kz;:) has been determined by one of us by direct expe- 

riment r X2 was determined by using the absorbing substance 
as a radiator also, and so observing the absorption of the 
radiation characteristic of the substance by the same sub- 
stance--this, of course, required no correction for secondary 

. C.A. Sadler : "Transformations of R5ntgen Rays," Phys. Soc. Lond. 
April -~ 1909. 
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radiation ; X~ was determined approximately without the 
application of the correction term. 

Thus as an example- -  
When  As radiation was transmitted through Cu, 

-- 368 )< '60"7- 

Xl or AsPca* = 169 x pcu 

~2 o r  CnXOu:  5 3  X.flCu 

.'. (X~--X:)=--]16•  --1038. 

Sec~ I~176 4 •  "01• 368x- .1 :8 :  

----"06 approximately. 

The ionization in the electroscope due to the pr imary beam 
when the absorbing plate of Cu was in position was thus found 
to be about 6 per cent. less than the observed ionization. 
Similar corrections were made in the other cases of trans- 
mission in which a secondary radiation characteristic of the 
absorbing substance was set up. The maximum correction 
affected the absorption coefficient by about 4 per cent. 

A correction was also necessary in a few cases for the 
presence in the radiation from Cr of the weak heterogeneous 
scattered radiation. Though in most experiments the effect 
of this was inappreciable, when the ~bsorbing plates used 
absorbed over 90 per cent. of radiation, the much more 
penetrating scattered rays having been only slightly absorbed 
appeared in much higher proportion than normally, and 
introduced an error.  

By absorbing the __radiati~ from Or by various thicknesses 
of A1 and comparing the absorption coefficients calculated 
from these absorptions, the error introduced in the case of 
the higher absorptions was obtained. A curve was plotted 
giving the error corresponding to any particular absorption. 
This correction was then applied to the calculated values of 
the absorptions by C, Ag, and Sn--substances which absorb 
similarly to A1. In 1io other case could the error, due to the 
same cause, have been more than 1 or 2 per cent. t ,  and that  
in one or two cases only. The values finally obtained for 
the coefficients are given in the following table. As the 

* AsXCu means the  coefficient of absorption of the radiation from As 
by Cu. 

The absorptions by Pt and Au of the radiation fi'om Cr are excepted. 
These were too high to be relied upon. The value given in the table 
for Pt was obtained not by experiment~ but by calculation from the 
observed ratio between the absorption coefficients. 
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value of X varies as the density of the absorbing element, the 

valaes of the more fundamental quantity k are tabulated, 

p being the density of the absorbing element, p The quantity 

may be called the mass coefficient of absorption. 
O 

TABLE I. 

Mass absorption coefficients (~) .  

I ~BSORBER. 
Radiator. 

C r  . .o. . .  

Fe 

Co 

Ni 

Cu 

Zn 

As 

Se 

Ag 

I 
C Mg. 

15"3 126"5 

. . . . . . . . . .  10"1 80 

. . . . . . . . . .  7"96 63"5 

. . . . . . . . . . .  6'58 51"8 

. . . . . . . . . . .  5"22 41'4 

. . . . . . . . . . .  4"26 34"7 

2"49 19"3 

2'04 15"7 

�9 41 2"2 

A1. 
i 

136 

88"5 

71"6 

59"1 

47'7 

39"4 

22"5 

18'9 

2'5 

103'8 

66"1 

67"2 

314 

268 

221 

134 

116"3 

17'4 

Hi. 

129 

83 "8 

67 "2 

56'3 

62"7 

265 

166 

141 "3 

~ "7 

C a .  [ 

143 

95"1 

75'3 

61 '8 

53'0 

55"5 

176 

149'8 

24 "3 

Zll .  

170"5 

112"5 

91"5 

74"4 

60'9 

50-1 

2O3"5 

174'6 

27"1 

Ag. 

580'5 

381 

314 

262 

214 

175 

105'3 

87"5 

13'3 

813.. 

713"7 

472 

392 

328 

272 

225 

131"5 

112 

16"5 

Pt. [ Au. 
516.8]i [507+ ] ? 

I 
340 367 

281 306 

236 253 

194 210 

162-5 178"2 

105'7 106'1 

93"0 100'0 

56"5 i 61'4 

Fig. 3 (p. 750) exhibits the relation between the mass 
coefficients of absorption in a number of elements and the mass 
cogfficient of absorption in Al-- the former being plotted as 
ordinates and the latter as abscissm. 

Discussion of Results. 
In studying these results it is necessary to know something 

of the secondary rays emitted by the various absorbing 
substances. 

C, Mg, and A1 are elements from which a characteristic 
secondary radiation has not yet been observed. They cer- 
tainly do not emit such a radiation in appreciable intensity 
when subject to ordinary beams of X-rays, unless it be in the 
form of exceedingly soft radiation, much softer than that of 
chromium, and such as would be absorbed in a thitl layer 
of air. There is, however, the possibility, if not the proba- 
bility, of the emission of such a radiation from all elements. 
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Fe, l~li, Cu, and Zn are among the elements from which a 
homogeneous characteristic radiation is emitted in consider- 
able intensity when the primary beam is of ordinary pene- 
t rat ing power. Ag emits a homogeneous radiation when 

F~g. 3. 

68G !i' ! 

il 
t 

g / i 
~ ' ~  

%:," 

~ 3U 

~ ~o 2o 3o ~o 5o ~o o 8o ~o ~0o ,o ,~o ,~ ,+0 

subject to a pr imary more penetrating than this radiation, 
that is more penetrating than any radiation here used. Sn 
emits a radiation which on the whole appears slightly more 
absorbable than the silver radiation, but although it has not 
been investigated minutely, there is strong reason to believe 
this consists of two homogeneous radiations, a very soft one, 
and one either just more absorbable or just more penetrating 
than that characteristic of Ag. 

P t  and Au have been found to emit a radiation which, 
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from preliminary experiments, appears slightly more absorb- 
able than that from As. Neither has~ however, been examined 
exhaustively. 

On comparing the absorption coefficients, it is seen that if 
we consider simply those absorptions which do not result in 
the production of a secondary radiation characteristic of the 
absorbing substance, the ratio of the coefficients of absorption 
of any radiation by two elements is approximately a constant, 
whatever be the penetrating power of the primary radiation 
experimented upon. 

Thus if xXA denote the coefficient of absorption of a certain 
radiation X in a substance A, 

xXA ~.X~ zX~ 
xX~ - -  y•B - -  zXB 

a p p r o x i m a t e l y ,  p r o v i d e d  t h e  r a d i a t i o n s  X ,  Y ,  Z do n o t  e x c i t e  
t h e  c h a r a c t e r i s t i c  r ad i a t i ons  in  t h e  a b s o r b i n g  subs tances  A ,  
B ,  a n d  C.  

Tab l e  I I .  g i v e s  t h e  r a t io  of  t h e  coe f f i c i en t  of  a b s o r p t i o n  in  
e a c h  a b s o r b i n g  subs t ance  to  t he  coef f ic ien t  o f  a b s o r p t i o n  in  
A1 fo r  e a c h  r a d i a t i o n  u s e d  in  t he se  e x p e r i m e n t s .  The  re -  
l a t i o n s h i p  is, h o w e v e r ,  m o r e  c l e a r l y  shown  by  the  c u r v e s  in  
fig. 3. 

TABLE I I .  

Radiator. 

C r  . . . . . . . .  

~e ........ 

CO . . . . . . . .  

Ni ......... 

C l l  . . . . . . . . .  

i n  . . . . . . . . .  

As ......... 

So . . . . . . . . .  

Ag ......... 

C 
hl  

112 

114 

111 

'111 

'109 

'108 

"111 

"108 

�9 164 * 

Mg 
Al 

"930 

"904 

"887 

'876 

"866 

"881 

"857 

"831 

"88 

ABSORBERS, 

Fe 1~i 
A1 A1 

�9 763 "949 

�9 747 "947 

�9 938 "939 

5'31 "953 

5'62 1"314 

5'61 6'7 

5'95 ;7'29 

6'15 7"42 

6"96 8"80 

Cu Zn Ag 
A1 A1 AI 

1'051 1"254 4'27 

1'074 1'271 4"31 

1"052 1"278 4'38 

1"046 1"259 4"44 

1"111 1"277 4'48 

1"408 1"272 4"44 

7"82 9"045 4"68 

7"93 9"24 4"63 

9"72 10'84 5"32" 

S n  

AI 

5"25 

5"83 

5"47 

555 

5"70 

5"71 

5"84 

5"93 

6"60 * 

Pt 
A1 

[8.8] 

3'84 

3"92 

399 

4'06 

4"12 

4'69 

4'92 

22"6 

.An 

AI 

3"73+ ? 

4"14 

4"27 

4"28 

4"40 

452 

4'71 

5'29 

24"6 

See remarks later. 
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It  is also seen that in the cases o[ absorption which result 
in the emission of the secondary radiation characteristic o[ 
the absorbing substance there is considerable deviation from 
this relationship, the absorption being invariably greater by 
a considerable amount than would be produced if the simple 
proportionality still held. There is thus a special absorption 
and a very large one invariably connected with the emission 
of the secondary radiation which is characteristic of the 
absorbing element. 

The point is so important that one curve will be treated in 
detail as typical of all substances. Beginning with a very 
soi~ homogeneous primary radiation, the absorption in a 
substance B (say) is considerable. As the radiation is made 
more penetrating the absorption in aluminium and in B 
diminish proportionately, as shown by the portion of the 
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o 

Fig. 4. 
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,, ~ p  B 
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J 

curve PQ (fig. 4). This proportionality continues until the 
primary radiation is just as penetrating as the secondary 
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radiation characteristic of the substance ]3. When the in- 
cident radiation is made more penetrating than the secondary 
radiation characteristic of the absorbing substance B, the 
absorption first ceases to diminish as rapidly as the absorption 
in A1, then it increases along RS. At the same time the 
secondary radiation characteristic of B begins to be emitted, 
then rapidly increases. As the primary radiation becomes 
still more penetrating, the absorption in B begins to diminish 
:~s along ST, and the intensity of the secondary radiation 
diminishes at the same rate as the ionization produced by 
the primary radiation in air, which is probably at approxi- 
mately the same rate as the absorption in air and conse- 
quently in AI, over tile range of penetrating powers experi- 
mented upon. 

The portion of the ordinates above PO may be regarded as 
representing the absorption in the substance B which is con- 
neeted with the emission of the secondary radiation charac- 
teristic of B. We may thus divide the absorption coefficient 
into two parts, one bearing an approximately constant ratio 
to the corresponding quantity fbr any absorbing substance, 
and the other the part connected with the emission of the 
characteristic secondary radiation. 

A few features require special mention. The greatest 
deviations from the law of proportionality occur in those 
,cases in which the energy scattered is a considerable fi:action 
of the total energy. It has been calculated that in the light 

.elements the portion of _X due to scattering is of the order "2. 
P 

It is seen here, however, that if we subtract "16 from 

~gXc Ag~.~g, and ag~Al, there is strict proportionality within 
p ' p P 

the limits of experimental error, between the coefficients of 
absorption in C, Mg, and A1. 

Again, the apparent departure in the cases of n~XA# and 
AgXs~ is much diminished by a similar consideration. 

There appears, however, to be a slight residual change in 
the ratios in the cases of Ag and Sn absorptions, and possibly 
very slight in the cases of absorption by Pt  and Au, but the 
energy of the radiation scattered in these two cases has not 
been determined. 

We may therefore conclude that the proportionality spoken 
of is a very accurate one through a big range of penetrating 
powers, if we subtract the energy scattered from that absorbed 
before determining the absorption coefficient. 

Without yet entering into the discussion of any theory, let 
P]dl. Mag. S. 6. Vol. 17. No. 101..~lic~y 1909. 3 E 
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us consider how much of the energy absorbed has been ac- 
counted for. One of us in a previous paper * has shown 
that when X-rays within the range of penetrating powers 
experimented upon are transmitted through a substance of 
atomic weight less than sulphur, the energy of the radiation 
scattered is independent of thc penetrating power of the 
radiation, and depends merely on the quantity of matter 
traversed. 

I t  was shown that if I be the intensity of a beam passing 
through air under atmospheric conditions, 

d I  due to scattering -- --'00024 I, approximately, 
dx 

�9 i d I due to scattering --'2 I 
p dx 

for all light elements. 
I f  by analogy with the absorption coefficient we call the 

( ~ d I )  
portion of - dx due to scattering the scattering co- 

efficient s, we get s for elements of atomic weight less than 
P 

sulphur to be "2. 
This law does not hold, however, for elements of higher 

atomic weight. The value of s is much more difficult t~ 
P 

determine in these owing to the usual admixture of the 
'characteristic secondary radiation. Only in the case of Ag 
has the scattered radiation been measured after complete 
elimination of the other type of' radiation. In this case it 
was found to be about 6"5 times that found from light 

elements. This would give for s about 1"3. 
P 

In copper, however, an estimate of the quanti~y of scattered 
radiation mixed with the homogeneous secondary rays was 
made and found to be about twice as great as for the light 
elements, when a penetrating primary radiation was used�9 

On comparison of the scattering coefficients with the total 
absorption coefficients it will be seen that only when the rays 
are fairly penetrating and when absorption takes place in 
light atoms does the scattering account for a large fraction 
of the loss of energy of the primary beam. Thus in the case 
of the transmission of Ag radiation through C, nearly half of 
the total loss of energy is due to scattering. Below are given 

�9 Barkla~ "Energy of Secondary R5ntgen Radiation," Phil. Mag. 
May 1904, pp. 553-560. 
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energy scattered for 
approximate values for the fraction energy absorbed 

the mos~ penetrating and the most absorbable beams used in 
these experiments. 

I. Moderately penetrating radiation (from Ag) : - -  
Absorbing X s s Energy scattered. 
Substance. O" p" k -- Total energy absorbed. 

C -409 .2 "5 
A1 2"5 "2 "O8 
Cu . 24"3 "4 "016 
Ag 13"3 1"5 ? "11 

II .  Very soft radiation (from Cr) : - -  

C 15'3 "2 "013 
A1 135 "2 '0015 
Cu . 143 "4 ? "003 
Ag . 580"5 1"5 "0026 

It has been shown in a previous paper* that the energy 
of the secondary radiation characteristic of an absorbing 
element is in many cases probably very great. In a certain 
case the ionization produced by these rays from Cu was about 
300 times that produced by the scattered rays from an equal 
mass of light elements. I f  we assume as an approximation 
that the absorptions of two different beams in air are pro- 
portional to the ionizations produced in air, we are led to the 
conclusion that in this case the energy of the homogeneous 
radiation was 45 times the energy of scattered radiation and 
about �89 of the total absorption, or more than ~ of the special 
absorption connected with the emission of these homogeneous 
rays. 

i t  was also shown in the paper referred to that the 
secondary radiation excited in one of these substances (Cu) 
was proportional to the ionization prodaced by the primary 
beam in a thin film of air--or  proportional to what may be 
called the coefficient of ionization in that substance--when 
the primary was beyond a certain penetrating power. 

We may thus express this :m 

but, on the assumption stated, 

x/ai r OC x)Lair , . ' .  xkCu r x~Lair" 

Barkla and Sadler, Phil .  Mag. Oct. 1908, pp. 550-584. 
3 E 3  
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But z)~a:r < xXA1, 

from the results of the experiments on absorption ; 

-'- flcu o: ~XA1. 

This leads us to the conclusion that the energy of secondary 
radiation produced by a primary radiation in passing through 
a thin sheet of copper is proportional to the absorption of 
the primary radiation in a thin sheet of almninium, provided 
this primary radiation is beyond a certain penetrating power. 

Though the assumption made has not been strictly justified, 
it probably gives us an approximation to the truth. 

One of us has made more detailed investigation of the energy 
of this type of radiation based on the same assumption * 

Energy is also emitted by the absorbing-substance in the 
form of corpuscular radiation. 

Thus in at least three forms is energy re-emitted. 
Besides these, a portion of the energy absorbed must be 

spent in the process of ionization, and possibly some is trans- 
formed directly into heat. 

The results of these experiments are of such wide applica- 
tion and affect so many phenomena connected with X-rays, 
that it is impossible to enter into a detailed discussion of 
their bearing on the results of investigations on X-rays. 
The simplification that results is frequently enormous. It  is, 
however, desirable to say something of the absorption of a 
heterogeneous bean: of X-rays such as is commonly experi- 
mented upon. 

When such a heterogeneous beam is transmitted through 
any element X, there is of course (1) a selection of the rays 
of the more absorbable type, (2) a special selection of those 
rays of greater general penetrating power than the secondary 
radiation characteristic of X-- i .  e. those able to stimulate the 
secondary radiation in X, and (3) an emission of secondary 
rays which are of more absorbable type than the radiations 
which produced them, buL which may be much more pene- 
trating to the element X and to elements whose character- 
istic radiations are more penetrating than that characteristic 
of X. 

All of these factors contribute to the change in the 
character of the beam resulting from transmission. 

By a proper choice of radiations and absorbing substances 
it becomes a simple matter to arrange experiments in which 
there appears (1) no change in transmission, (2) change to 
more penetrating type, (3) change to more absorbable type, 

�9 C.A. Sadler~ "Transformations of RSntgen Rays," Phys. Soc. Lend., 
April '23, 1909o 
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without even considering the secondary rays whlch are 
superposed on the primary. 

A iew words are also necessary regarding the rays emitted 
by an X-ray tube. As the substance of the anticathode of 
an X-ray tube is subject to a very intense X-radiation, it is 
the source of an intense secondary radiation. The primary 
radiation proceeding towards the surface of incidence of the 
cathode rays, unless very "soft," excites the secondary radia- 
tion, which is usually more penetrating to the anticathode 
and produces greater ionization in the air outside. The 
primary radiation penetrating further into the anticathode 
also excites an intense secondary radiation which proceeds in 
all directions. Half of this is therefore directed towards the 
surface, and as it usually suffers much less absorption than 
the primary radiation producing it, it emerges with little loss 
of intensity and is superposed on the primary beam. 

Even if the primary rays were all produced in the surface- 
layer of molecules, the secondary radiation would produce 
ionizations comparable with those produced by the true 
primary rays: as the primary rays cannot be produced 
absolutely at the surface, the proportion of secondary rays 
must increase rapidly with an increase at the depth at which 
they are produced. Thus the " so f t "  radiations experimented 
upon by Mr. Kaye (Phil. Trans. A. vol. 209, pp. 123-151) 
are what might have been expected from our previous 
experiments on secondary rays, and many of the  properties 
which he records are the properties of the  secondary 
rays previously published by us. A comparison of some 
of the absorption coefficients reveals their unmistakable 
identity. 

In the majority of experiments on X-rays, however, the 
radiation has already passed through a comparatively thick 
sheet of glass and has been robbed of a large propol~ion of 
the secondary rays. 

These considerations also afford an explanation of the fact 
that the beam of X-rays proceeding from a " so f t "  tube is 
much more completely polarized than one from the same 
tube when harder. In the ~ormer case there are less secon- 
dary X-rays, as well as less X-rays produced by secondary 
corpuscular rays. 

They also show why the more penetrating portion of a 
heterogeneous beam from an X-ray tube is the more polarized. 
The penetrating portion contains the true primary radiation 
in larger proportion. 

[~Tote.--All our experiments on the behaviour of nickel have 
confirmed our previous conclusion--that in all phenomena 
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connected purely with X-rays with which we are experi- 
mentally acquainted, nickel behaves as a normal element of 
atomic weight 61"3. This is true of (1) the  absorption by 
nickel unconnected with the production of X-rays, (2 ) the  
absorption connected with the emission of secondary X-rays, 
(3) the character of the secondary rays emitted, (4) the 
intensity of the secondary X-rays emitted ] 

7"heor~. 
If an attempt be made to account for these results on 

Prof. Bragg's neutral pair theory, we are at once led into 
difficulties. The pairs constituting the homogeneous secon- 
dary radiation characteristic of a particular element must 
have been either in the primary radiation or in the atoms of 
the element subject to that radiation. If  we make the former 
assumption we have to account for pairs varying enormously 
in velocity being scattered in all directions with one velocity-- 
a velocity characteristic of the atom. If, on the other hand, 
we assume that the pairs were originally in the atom, we 
must account for their ejection with one velocity by assuming 
some disruption to occur in the atom. The t'ormer of the 
two assumptions is inconceivable, and it is against the lat ter--  
the disruption theory--that much of Prof. Bragg's argument 
has been directed. If, however, we change the point of view 
and assume disruption, we must account for :--All the pairs 
transmitted through a substance being undiminished in 
velocity; those moving with a velocity greater than a 
critical velocity being stopped in greater proportion than those 
moving more slowly ; those moving still more quickly being 
stopped in smaller proportion ; and the equality of the velocity 
required to produce instability with that acquired by another 
pair due to the instability set up in the atom. Assumptions 
might possibly be made to satisfy any individual result, but 
in the combination we find the difficulties insuperable. 

The results of these experiments are, however, in their 
general nature what would be expected on the ~ether-pulse 
theory, as shown in previous papers*. 

A more detailed discussion of this theory will be given 
when several points have been further tested. 

I t  is possible that all the substances experimented upon 
also emit a very easily absorbed secondary radiation, and 
that the absorptions which have been observed in the case 
of very " s o f t "  radiations have been accompanied by the 
emission of such radiations. 

* Phil. Meg. Oct. 1908, pp. 550-584, and Jahrbuch der 2~adioaktivitdt 
und JElektronik~ iii. pp. 246-324. 
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By the use of homogeneous beams of X-rays varying 
considerably in penetrating power /,he laws governing the 
absorption of X-rays have been investigated. The results of 
experiments may be briefly stated as follows : -  

For very absorbable radiations the ratio between the 
coefficients of absorption in any two elements remains 
approximately constant while the penetrating power of the 
radiation varies greatly. 

This law, however, does not hold when the radiation 
transmitted through an element is made more penetrating 
than the secondary radiation characteristic of that element ; 
this, again, is the condition necessary to the production of 
that secondary radiation. 

As the primary radiation is made more penetrating than 
this secondary radiation, the absorption in this particular 
element ,ncreases, first slowly, then very rapidly. The 
secondary radiation--homogeneous and characteristic of 
the element--begins to be emitted, first feebly, then in con- 
siderable intensity. The absorption increases to many times 
the absorption experienced by a somewhat " s o f t e r "  
radiation. 

When the primary radiation is made still more penetrating, 
the absorption again begins to decrease and the intensity of 
secondary radiation decreases at the same rate as the ioniza- 
tion produced by the primary radiation in a thin film of air. 

In the case of the transmission of a penetrating radiation 
through elements of low atomic weight, the energy of the 
primary beam which appears as secondary radiation of the 
same penetrating power as that of the primary producing it 
--scattered radiation--is a considerable fraction of the total 
energy absorbed. 

In other cases investigated the fraction is small. 
Evidence points to the conclusion that in the case of trans- 

mission of primary rays which are most efficient as producers 
of the secondary rays in any element, the energy of this 
secondary radiation is a considerable fraction of the energy 
~bsorbed. 

Investigation has failed to reveal any transformation of X- 
rays by transmission, other than the transformation into secon- 
dary rays proceeding in all directions. The laws discovered 
are sufficient to account for a great variety of apparently 
complicated results recorded by many investigators. The 
authors are not aware of any peculiar phenomenon of absorp- 
tion which cannot be explained in terms of these laws. 



760 Prof. J.  Joly o~ tl~e DistHbutlon of Thorium 

[In all experiments on absorption, both the normal absorp- 
tion of "soft  " rays and t4m special absorption connected with 
the emission of secondary rays, and on secondary rays, both 
as regards intensity and character, nickel behaves as a normal 
element of atomic Weight about 61"3.] 

George Holt Physics Laboratory, 
Liverpool. 

LXX.  On the _Distribution of Thorium in the .Earth's Surface 
Materials. By J.  JOLY, F.R.S.* 

R ECENT observations have shown that the emanation of 
thorium exists in the atmosphere to an extent which 

is difficult to account for unless a very considerable quantity 
of the element thorium is distributed in the surface rocks 
and soils. Thus Bumstead (Am. Journ. Sc. July 1904) and 
I)adourian (Am. Journ. Sc. Jan. 1905) in New Haven, Conn., 
Blanc (Phil. Mag. March 1907) at Rome, and Wilson (Phil. 
Mag. Feb. 1909) at Manchester, have found that of the total 
active deposit gathered upon a negatively charged wire 
exposed for many hours to the air, a considerable part-- i t  
may be even a major part--exhibits the properties of the 
active deposit derived from the emanation of thorium. 
Blanc estimates that at Rome from 50 to 70 per cent. of the 
whole activity is due to thorium; and Wilson infers from 
his observations at Manchester that there must be about seven 
times as much thorimn as uranium in the surface soils. On 
the other hand, Gockel (Le Radium, Jan. 1909) finds that at 
Zermatt the emanation of thorium is almost entirely absent. 

I t  is a question of much importance to geological science 
to decide how far these observations refer to purely local 
conditions, or whether they indicate a general prevalence of 
thorium in rocks. 

lliethod of 3Yeasureme~t. 
The nmterial under investigation is brought into solution 

by the aid of reagents (e. g. hydrochloric acid and the car- 
bonates of soda and potassium) which are themselves shown 
to be free from thorium by the method to be now described. 
The solution is boiled in a flask (see figure, p. 761) to which 

t h e  steam is returned by an attached condenser. A prelimi- 
nary boiling, lasting from 20 to 30 minutes, is required to 
completely expel any accumulated emanation of radium. 
A small quantity of powdered talc must always be put into 
the solution in order to secure uniformity of ebullition. 

Communicated by the Author. 


